We investigate the optical spectral region of spectra of ∼ 1000 stars searching for IMFsensitive features to constrain the low-mass end of the initial mass function (IMF) slope in elliptical galaxies. We use the MILES stellar library (Sánchez-Blázquez et al. 2006) in the wavelength range 3500-7500Å to select indices that are sensitive to cool dwarf stars and that do not or only weakly depend on age and metallicity. We find several promising indices of molecular TiO and CaH lines. The use of these indicators bluer than NIR features (NaI, CaT, Wing-Ford FeH) is crucial if we want to compare our observations to optical simple stellar population (SSP) models. In this wavelength range, the response of a change in the effective temperature of the cool red giant (RGB) population is similar to the response of a change in the number of dwarf stars in the galaxy. We therefore investigate the degeneracy between IMF variation and ∆T eff,RGB and we show that it is possible to break this degeneracy with the new IMF indicators defined here. We conclude that our new CaH1 index around λ6380Å, the only indicator that comes purely from cool dwarfs, allows the determination of the low-mass end of the IMF slope from integrated-light measurements, when combined with different TiO lines and age-and metallicity-dependent features such as Hβ, Mgb, Fe5270 and 
INTRODUCTION
The stellar contribution to the mass budgets of early-type galaxies (ETGs) is a crucial ingredient to fully understand the internal structure, the formation and the evolution of these massive galaxies (e.g., Blumenthal et al. 1984) . In ETGs the stellar mass-to-light ratio (M/L) scales with the luminous mass of the system (Grillo et al. 2009; Barnabè et al. 2011; Dutton et al. 2012; Cappellari et al. 2012) , but it has also been shown recently that, for the assumption of a universal initial mass function (IMF), the dark mat-E-mail: spiniello@astro.rug.nl ter (DM) fraction in the internal region of these systems increases with the mass of the galaxy (e.g. Zaritsky et al. 2006; Auger et al. 2010; Treu et al. 2010; Barnabè et al. 2011) . Disentangling the relative contributions of baryonic and dark matter constituents of ETGs is therefore crucial to fully comprehend the processes that shape the hierarchical galaxy formation scenario (e.g. White & Rees 1978; Davis et al. 1985; Frenk et al. 1985) . A quantitative study of the luminous stellar content of distant, unresolved galaxies requires the use of stellar population synthesis models (Worthey et al. 1994; Renzini 2006; Conroy 2013) . By comparing colors, line-strength indices or full spectral energy distributions (SEDs) in galaxy spectra with predictions from single stel-lar population (SSP) models (which assume a single epoch of star formation rather than an extended SFH), it is possible to derive stellar parameters such as luminosity-weighted age, metallicity, stellar M/L, IMF slope and elemental abundances for a galaxy Trager et al. 2000a,b) . However, it remains difficult to trace a galaxy's full star formation history (SFH), to break the age-metallicity degeneracy and to study possible correlation of IMF slope and α−enhancement variation with galaxy masses (Spinrad 1962; Spinrad & Taylor 1971; Cohen 1978; Frogel et al. 1978 Frogel et al. , 1980 Faber & French 1980; Carter et al. 1986; Hardy & Couture 1988; Couture & Hardy 1993; Worthey 1994; Cenarro et al. 2003) . In the last two decades a crucial assumption has been made in constraining the star formation history of galaxies through SSPs: the IMF is assumed to be universal and equal to that of our Milky Way (Kroupa 2001; Chabrier 2003; Bastian, Covey & Meyer 2010) . In the past years, evidence has emerged that the IMF might evolve (Davé 2008; van Dokkum 2008) and may depend on the (stellar) mass of the system (e.g. Treu et al. 2010; Auger et al. 2010b; Napolitano 2010; van Dokkum & Conroy 2010; Spiniello et al. 2011 Spiniello et al. , 2012 . Recently, van Dokkum & Conroy (2010: hereafter vDC10) have suggested that low-mass stars ( 0.3 M ) could be much more prevalent in massive early-type galaxies (ETGs) than previously thought. This could imply that the increase in the M/L with galaxy mass is due to a steeper low-mass end of the IMF rather than an increasing fraction of internal DM (Treu et al. 2010; Auger et al. 2010; Barnabè et al. 2011; Dutton et al. 2012; Cappellari et al. 2012) .
Strong absorption features that vary with surface gravity at fixed effective temperature and that can be used to count stars with masses 0.3 M (M dwarfs) are mainly present in the red-optical and near-infrared range (vDC10; Smith et al. 2012) . At these wavelengths galaxy light is however dominated by evolved stellar populations, i.e. red giant branch (RGB) and asymptotic giant branch (AGB) stars (e.g. Renzini & Fusi-Pecci 1988; Worthey 1994) , whose physics is not yet well understood, because their lifetime is very short and mass-losses are very high (e.g. Reimers 1975 ). Moreover, AGB stars are also highly variable (e.g. Blöcker 1995) . In the optical spectral region, on the other hand, M dwarfs contribute at most 5% to the total light of the integrated spectrum, despite dominating the total stellar mass budget in galaxies (Worthey 1994) . The light in ETGs is dominated by K and M giants, that, to the first order, have spectra similar to the one of an M dwarf, because of the similar spectral type. However the spectra of M dwarfs and M giants with similar effective temperature show minor but important differences. Careful line-index strength measurements of several spectral indices (or full spectral fitting: Conroy & van Dokkum 2012b) are necessary to reveal these spectral differences at the percent level and to break degeneracies, enabling one to observe variations of IMF with galaxy mass if present.
Two new SSP models have recently been published specifically for the purpose of measuring the IMF slope down to ∼ 0.1 M for old, metal-rich stellar populations. Conroy & van Dokkum (2012: hereafter CvD12) built models over the wavelength interval 0.35µm < λ < 2.4µm at a resolving power of R ∼ 2000, using a combination of two empirical stellar libraries (MILES, Sánchez-Blázquez et al. 2006; and IRTF, Cushing et al. 2005 ) and three sets of isochrones. Vazdekis et al. (2012) recently built the MIUSCAT models, an extension in wavelength of the Vazdekis et al. (2003a Vazdekis et al. ( ,b, 2010 models. Both models allow for different IMF slopes and a range of ages, but while CvD12 models use solar metallicity isochrones and synthesize models with different abundance patterns, MIUSCAT models investigate different total metallicities but do not allow to change the abundances which are fixed to solar. Moreover, CvD12 also include ability to change the effective temperature of the red giant branch (RGB), to take into account that the isochrones should change with abundance pattern.
All the other available models in the NIR are based on theoretical atmospheres and stellar libraries (Maraston, 2005 , Bruzual & Charlot, 2003 , which have only been tested to fit broadband colors and do not reproduce line indices measurements of clusters and galaxies (Lyubenova et al., 2012) . The CvD12 and MIUSCAT models are therefore the state-of-the-art of SSP models. CvD12 and MIUSCAT use the same empirical spectral library (MILES), while in the red and NIR they make use of two different libraries (IRTF the first, Indo-US the second). Conroy & van Dokkum (2012b) clearly show that there is information on the IMF slope in the blue spectral range. The goal of this work is to recover and quantify this information. We find a set of optical IMF-sensitive spectral indicators that allow us to decouple the effects of a varying IMF from age, metallicity and/or elemental abundance variations, and the effective temperature of the RGB, when studying the stellar populations of massive ETGs.
A direct comparison between variation of index strengths with IMF slope predicted from the SSP models and variation of index strengths determined from SDSS spectra allows us to understand whether the recent suggestion that the IMF steepens with the galaxy velocity dispersion is genuine or arises from a misunderstanding of the main ingredients of SSP models.
In this work: (i) we focus on line-index measurements rather than full spectral fitting, which avoids issues with spectral calibration when comparing to observations that might have been poorly calibrated and (ii) we assume an SSP, rather than an extended SFH, which is still a strong assumption and will be properly addressed in future works. The paper is organized as follows: in Section 2 we present a new set of IMF-sensitive indicators along with a brief introduction of the MILES library. In Section 3 we compare lineindex variations as function of the IMF slope from MILES single stars and the CvD12 SSP model. We compare the models with SDSS galaxies in Section 4. We summarize our findings and discuss our conclusions in Section 5.
NEW OPTICAL IMF-SENSITIVE INDICES
Stellar spectral features that show different strengths in M-dwarfs and cool giants, including, NaI, Wing-Ford FeH, CaT, CaI, can potentially reveal a galaxy's low-mass stellar content in spectra of unresolved stellar populations (e.g., Spinrad 1962; Faber & French 1980; Schiavon et al. 1997a Schiavon et al. ,b, 2000 Cenarro et al. 2003) . They are mainly present in the red-optical and near-infrared part of the spectra. However, optical spectra are easier to obtain with the current spec-trographs than NIR (1 − 2µm) spectra. Moreover, nearinfrared spectra are contaminated by the presence of strong sky lines and telluric absorption arising from water vapour (e.g. Stevenson 1994) . A proper measurement of equivalent widths (EW) in the red heavily relies on the correct removal of these lines. It is therefore important to search for IMFsensitive features in the blue optical spectral region, where the SSP models are less affected by these uncertainties and different assumptions. However one has to keep in mind that blue optical spectral features are more sensitive to stars of earlier spectral types and therefore by using only blue indicators we are less sensitive to the very low-mass end of the IMF than studies using red/NIR spectra. Using these spectra, we identified a number of potentially interesting stellar features that could be used to constrain the low-mass end of the IMF. We plotted the ratio between a cool giant (T eff ∼ 3300K) and a cool dwarf (T eff ∼ 2800K), both with roughly solar metallicity, to select these spectral features. We inspected this ratio looking for wavelength regions in which the residuals were large. We identified seven interesting regions, including four new, previously unidentified features, and defined absorption-line indices for these. Moreover, we ran a principal component analysis on SSP models to isolate features that strongly depend on temperature and gravity. The final IMF-sensitive indices we have found and use here are listed in Table 1 .
Figures 1 and 2 show index strengths of these selected indices, for single MILES stars as a function of temperature (left panels), gravity (middle panels) and metallicity (right panels). In the figures, squares represent dwarfs stars and crosses represent giants; different colors indicate different [Fe/H] . The figures clearly show that all the selected stellar absorption features are very weak in main-sequence stars (MS) and intermediate-temperature stars and are strong in cool dwarfs and giants (except CaH1, which is only strong in cool dwarfs).
More than half of the selected indices come from TiO molecular absorption bands (Fig. 1) . The effect of TiO lines in stellar atmospheres has been extensively studied over the years (Jørgensen 1994; Allard et al. 2000; Valenti et al. 2010) and red TiO lines have already been recognized to be good IMF indicators (Spiniello et al. 2012; Chen et al. 2013, in prep.) . Our bluest feature is around λ ∼ 4770Å: we call it blue-TiO and define a new index (bTiO, of Figure 1 . The aTiO index, defined around the α-TiO feature (Jørgensen et al. 1994) , is also strongly IMF-sensitive. A possible issue with this feature is the presence in its central bandpass of the very strong [OI] λ5577Å sky emission line. Any contamination from sky lines could affect the response to gravity of the spectral index defined around aTiO. However from Figure 1 it appears the subtraction of the emission line in the library stars is sufficient, as the behaviour of aTiO seems to be similar to that of bTiO and TiO2 (i.e., stronger EWs for cool giants and dwarfs). The TiO2 feature (λ ∼ 6230Å) was already found to be promising in constraining the low-mass end of the IMF slope (see Spiniello et al. 2012 ), but it also shows a weak dependence on metallicity and α-element variation (Chen et al. 2013, in prep) . The NaD feature, although gravity-sensitive, depends also strongly on abundance (especially [Na/Fe]: CvD12) and may be contaminated by the interstellar medium (e.g. Spiniello et al. 2012) .
As a sanity check, we show spectra of single dwarf stars with similar gravity (log g = 4.6 − 5) at different T eff in the left panels of Figure 3 in order to ensure that these indices are stronger in cool dwarfs than in warm ones. The right panels of Figure 3 show instead spectra of single cool giants with a range of effective temperatures. bTiO and TiO2 are clearly stronger in cool stars but they behave similarly in giants and dwarfs, therefore they do not allow one to disentangle between these two classes of stars and between a topheavy and a bottom-heavy IMF by themselves. However, the CaH1 index around λ6380Å (Fig. 2) , is strong only in cool dwarfs. This feature is the only feature in the optical spectrum that we could identify that allows us to count dwarfs directly in an integrated optical spectrum and to disentangle the contribution of RGB stars from the cool M-dwarf population when combined with age-and metallicity-sensitive features.
CaH features were first detected in spectra of M dwarfs The middle raw shows our most promising feature: CaH1. The three plots demonstrate that the CaH index is very strong only in cool stars (T < 4500K) with high gravity (i.e log g > 3.8). This index allows to count the M-dwarf population in a galaxy spectrum.
by Fowler (1907) and then studied in details byÖhman (1934) . Already in that paper it was pointed out that CaH bands at 6390Å(corresponding to our CaH1 index) were strong in M dwarfs spectra and almost absent in M giants. Mould (1976) realized that the behaviour of CaH in stellar atmospheres is strongly influenced by gas pressure over the formation of the molecule and therefore he used CaH bands as a luminosity indicator of cool stars in low resolution spectra. He also studied the sensitivity of the CaH band strength to gravity, clearly confirming that CaH bands are very week or absent in giants. Finally, Barbuy et al. (1993) presented a study of the intensity of CaH bands as a function of stellar temperatures and gravities. Their results are quelitatively consistent with ours in the sense that CaH absorption lines are strengthened for high log g and tend to disappear in giants.
This historical brief overview demonstrates that it has been known for a hundred years that certain spectral features depend strongly on surface gravity at fixed effective temperature and therefore betray the presence of faint M dwarfs in integrated light spectra. We refer to section 5.4 of Conroy & van Dokkum (2012a) for a useful sketch of the basic physics involved.
From Figure 3 , it appears that the spectrum of a cooler giant seems to be similar to the spectrum of a cool dwarf. We therefore also investigate the response of variation in the effective temperature of red giant branch versus the response in variation of the IMF slope, to ensure that the degeneracy between T eff,RGB and IMF slope can be broken by our optical IMF indicators.
Indeed, one of the problems that one faces when using indices bluer that ∼ 7500Å is that the effects of a varying IMF and of a varying T eff of the isochrones are very similar, as shown in Figure 4 . In the figure we plot the continuum normalized response to IMF variation from a Chabrier to a Salpeter IMF 13.5Gyr old model, and variation of the T eff of the RGBs, from solar-scaled to a model with same age and IMF where T eff has been decreased by 50K, as a function of wavelength. As expected, the IMF variation is completely overwhelmed by T eff variation. However, the two curves differ in their response around in bTiO, aTiO and CaH1. Therefore only the use of the full set of lines allows one to separate IMF and T eff effects. By combining blue spectral features that strongly depend on age, metallicity and elemental abundance with IMF-sensitive features, such as TiO and CaH lines, we can jointly constrain these effects and the low-mass end of the IMF in integrated optical-light spectra of distant ETGs.
SSP MODELS
After the recent suggestion by vDC2010 that the low-mass end of the IMF slope may be not universal and might depend on the stellar mass of the system (Treu et al. 2010; Spiniello et al. 2011 Spiniello et al. , 2012 Cappellari et al. 2012) , new SSP models with varying IMFs have been developed. One of these is CvD12, who presented SSP models with variable abundance patterns and stellar IMFs suitable for studying the integrated-light spectra of galaxies with ages > 3 Gyr. CvD12 synthesized stellar atmospheres and spectra using the combination of three different isochrones to describe separate phases of stellar evolution: the Dartmouth isochrones (Dotter et al. 2008) for the main sequence and the red giant branch (RGB); the Padova isochrones (Marigo et al. 2008 ) to describe AGB evolution and the horizontal branch (HB); and the Lyon isochrones (Chabrier & Baraffe 1997; Baraffe et al. 1998) for the lower-mass sequence (M * 0.2M ). All of the CvD12 models use solar metallicity isochrones, even when synthesizing with different abundance patterns or different [α/Fe]. The models are based on empirical stellar libraries, modified using theoretical stellar atmosphere models and their emergent synthetic spectra, and therefore they are somewhat restricted in their SSP parameter coverage (especially at high metallicity and for non-solar abundance ratios) and poorly-calibrated against mass loss in advanced stages, such as the asymptotic giant branch (AGB). Stars in these phases provide a non-negligible contribution to the red spectrum of galaxies (Renzini & Fusi Pecci 1988; Worthey 1994 ); this contribution is however hard to quantify because RGBs and AGBs are so short-lived that good statistics are hard to obtain from color-magnitude diagrams of globular and open clusters. Moreover, mass loss, which is a crucial ingredient to calculate the precise evolutionary path of AGB, is very hard to model and therefore is a main source of uncertainties in the models (e.g. Blöcker 1995). CvD12 include a variety of nuisance parameters to take into account the contribution to the light from advanced evolutionary phases and they allow for the addition of arbitrary amounts of M giant light. They also include a parameter to allow a "frosting" (Trager et al. 2000b ) of a young population with an age of 3 Gyr in addition to the age of the bulk population. CvD12 models explore variations in age in the range 3-13.5 Gyr, α−enhancement of 0-0.4 dex, individual elemental abundance variations and four different IMFs: a bottom-light Chabrier-like (Chabrier 2003) , Salpeter with a slope of x = 2.35 (Salpeter 1955) , and two bottom-heavy IMFs with slopes of x = 3.0 and x = 3.5. 
CONSTRAINING THE LOW-MASS END OF THE IMF SLOPE USING ETGS OPTICAL SPECTRA
We now compare the CvD12 models to data, and in particular to early type galaxies (ETGs), for which they are specifically designed. We selected ETGs from the Sloan Digital Sky Survey DR8 (SDSS; Aihara et al. 2011) in five velocity-dispersion bins spread over 150-310 km s −1 , each of them with a velocity dispersion range of ∼ 30 km s −1 . To select ETGs and to minimize contamination of our sample by late-type galaxies, we select systems for which the galaxy's surface brightness profile has a likelihood of a de Vaucouleurs' model fit higher than the likelihood of an exponential model fit. This requirement reduces approximately to requiring that the surface brightness profile should be better fitted by the de Vaucouleurs' model than by an exponential. We also visually inspected all the selected galaxies removing the ones that looked like late-types (showing emission lines). Moreover, we select systems with very low star-formation rate (SFR < 0.3 M yr −1 ) using the MPA/JHU value-added galaxy catalog that contains results from the galaxy spectral fitting code described in Tremonti et al. (2004) and star formation rates based on the technique discussed in Brinchmann et al. (2004) . Finally we set an upper limit on the redshift range (z 0.05) to cover the entire wavelength range of interest. In each bin we stack spectra together in order to increase the final signal-to-noise (S/N), which is of the order of ∼ 300 perÅ over the wavelength range of 4000-7000Å.
We use CvD12 models with varying IMF slopes, ages = [7 − 13.5] Gyr, [α/Fe] = [0, 0.2], and solar abundances. We convolve all the galaxy and model spectra to an effective velocity dispersion of σ = 350 km s −1 to correct for kinematic broadening before measuring indices. We also normalize the spectra using a second-order polynomial fitting. In Figure 6 , we show the stacked SDSS spectra for each velocity dispersion bin as well as a single-age set of models with solar [α/Fe] and varying IMF slope. Colored boxes show the IMF-sensitive indices used in this work.
We measure line-strength indices in the range 4000-7400Å, including the standard Lick indices Hβ, Mgb, Fe5270, Fe5335, NaD and TiO2 (e.g., Trager et al. 1998) , and the commonly-used [MgFe] combination 1 , as well as our newly defined IMF-sensitive features bTiO, aTiO and CaH1. Indices in both the galaxy and the model spectra are measured with the same definitions and methods 2 . We do not place our indices on the zero-point system of the Lick indices and quote the new TiO and CaH indices as index strengths in units of magnitudes.
To investigate the IMF variation with galaxy mass, we produce index-index plots for the selected optical indicators. Panel (a) of Figure 7 shows the Hβ-[MgFe] diagram, used to constrain age and metallicity of galaxies. The different colors represent CvD12 SSP models with different ages and solar [α/Fe] . We observe an increase in age with increasing velocity dispersion, consistent with previous stellar population studies of early-type galaxies that suggest that more massive galaxies predominantly have older, more evolved, stellar populations (e.g., Renzini 2006) . All selected galaxies are consistent with populations of 9 Gyr or older, and therefore in the other panels we only plot SSP models with ages of 9, 11, 13.5 Gyr. We plot models with solar [α/Fe] (solid lines) and supersolar [α/Fe] (= 0.2 dex, dotted lines); we note that the predicted variation of IMF slopes is orthogonal to the [α/Fe] enrichment for the selected IMF-sensitive indicators (Spiniello et al. 2012) . Panels (b), (c) and (d) of Figure 7 show some of our selected IMF indicators in the optical. In each panel we plot one of the TiO lines against CaH1, which is our best IMF indicator, as it is strong only in cool dwarfs. All indicators clearly show a steeper IMF slope with increasing galaxy mass: they imply a Chabrier IMF for the least-massive galaxies ( σ * ∼ 150 km s −1 ), Salpeter for the intermediate-mass galaxies ( σ * ∼ 230 km s −1 ) and possibly a bottom-heavy IMF with x 3 for the most massive González (1993) 2 We use the code SPINDEX from Trager et al. (2008) SDSS ETGs ( σ * ∼ 310 km s −1 ). We quantify this further in section 4.2.
Variation in the ∆T eff of the red-giant branch versus IMF variations
Here we investigate further the IMF-∆T eff,RGB degeneracy, showing that the data are consistent with a non-universal IMF even when we take into account the possible uncertainty on the exact temperature of the red giant branch in ETGs. We use 13.5 Gyr, solar-abundance CvD12 models in which we change the temperature of the RGBs in the isochrones. In each index-index plot of Figure 8 we show the standard-temperature model, a model with ∆T eff,RGB increased by 50 K, and three models with ∆T eff,RGB decreased by respectively 50 K, 100 K, and 150 K. On each line, different symbols indicate different assumed IMFs. Figure 8 clearly show that the combination of our preferred optical IMF-dependent indicators allows us to break also the IMF-∆T eff,RGB degeneracy. In principle the NaD index at 5900Å could be used to constrain the IMF (Conroy & van Dokkum 2012; Ferreras et al. 2013 ) but as shown in panel (f) of Figure 8 , this index is more sensitive to variation in the effective temperature of RGBs than IMF slope in these models. We suggest that it is currently better to avoid the Na features and concentrate on indices such as those of TiO and CaH, which appear to be less subject to abundance-ratio effects and give mutually consistent predictions for the trend of IMF slope with galaxy mass.
IMF slope versus velocity dispersion
Our results confirm that it is possible to constrain the lowmass end of the IMF slope from optical spectra of ETGs and provide increasing support to the idea of a non-universality of the IMF. We observe that the steepness of the low-mass end of the IMF increases with galaxy velocity dispersion, consistent with previously-published works (van Dokkum & Conroy 2010; Spiniello et al. 2011 Spiniello et al. , 2012 Conroy & van Dokkum 2012a,b; Cappellari et al. 2012; Ferreras et al. 2013) . To constrain the IMF slope of each galaxy and concurrently break the degeneracies between age, metalicity and temperature, we use the following indices: Hβ, Mgb, Fe5270, Fe5335, bTiO, aTiO, TiO1, TiO2, CaH1, and CaH2. The first four indicators are almost IMF-independent (see fig. 5 ) and they are used to constrain age and [α/Fe] (see fig. 7 ), while the combination of CaH1 and TiO features are used to count dwarfs stars and break the degeneracy with effective temperature (see fig. 7 and 8) .
We now give a quantitative expression for the variation of the IMF slope with velocity dispersion. We compare each stacked SDSS spectrum with grids of interpolated SSPs spanning a range of ages (log(age) = [0.8 − 1.15] Gyr, with a step of 0.01 Gyr), [α/Fe] (between −0.2 and +0.4 dex, with a step of 0.05 dex), and changes in the effective temperature of the RGB (∆T eff,RGB between −200 K and 50 K, with a step of 50 K) for different values of the IMF slope (x = 1.8 − 3.5, with a step of 0.1 in the slope). Using a bspline interpolation, we build a grid of 8 × 13 × 18 × 9 models in log(age), [α/Fe] , IMF slope and ∆T eff,RGB and for each galaxy spectrum we compute the χ 2 values for our 10 optical indicators as
where n is the SSP model of interest. We obtain a probability density function (PDF) for each model via the likelihood function L ∝ exp(−χ 2 /2). We then marginalize over age, ∆T eff and [α/Fe] to obtain a bestfitting slope of the IMF and its uncertainty (1 − σ error on the cumulative probability distribution) for each velocity dispersion bin. In Figure 9 we show the best-fit IMF slope as a function of central stellar velocity dispersion. We then determine the parameters of a linear regression model, x = a × log σ200 + b, for the SDSS stacked spectra to be: x = (2.26 ± 0.08) log σ200 + (2.13 ± 0.15)
where x is the IMF slope (using dN/dm ∝ M −x ) and σ200 is the central stellar velocity dispersion measured in units of 200 km s −1 . To test the robustness of our IMF-σ relation, we repeat the above described statistical procedure several times eliminating each time one or more indices and calculating a new likelihood function for each model and the inferred stellar population parameters for each stacked spectrum. We always include CaH1 because this is the only feature that comes almost exclusively from dwarfs, and we also keep Hβ, which is the only age-dependent feature. Our inferred IMF slopes stay constant within 1-σ error if we use CaH1, Hβ, Mgb, at least one of the iron lines, one of the blue TiO indices (bTiO or aTiO), and one of the redder TiO features (TiO1 or TiO2). If we use the [MgFe] as a single indicator we still recover the IMF variation with velocity dispersion, but we do not recover the well-established [α/Fe]-σ relation (e.g., Trager et al. 2000b; Arrigoni et. al 2010) . If we remove Mgb or Fe5270 and Fe5335, we are not able to constrain the [α/Fe] abundance. The aTiO index does not affect significantly the IMF slope if we include or exclude it, confirming our hypothesis that the [OI] sky line does not have a significant effect on the inference of the IMF slope from this absorption feature. However, if we exclude aTiO from the analysis we find effective temperatures systematically higher than the ones inferred by including aTiO in the process. In this plot IMF dependence is minimal, and age and metallicity of the galaxies can be inferred. All the galaxies show populations older than 9 Gyr. Panels (b, c, d): IMF-sensitive index-index plots; CaH1 as a function of bTiO, aTiO and TiO2 respectively. The TiO lines are strong in cool giants and dwarfs. CaH1 comes only from M dwarfs. The combination of these indices is particulary effective to constrain the low-mass end of the IMF slope. All the indicators agree and confirm a steepening of the IMF slope with galaxy mass. In these panels,galaxies prefer models with slightly super-solar [α/Fe].
central velocity-dispersion and IMF slope for a large sample of SDSS ETGs. They combined spectra of ∼ 40, 000 galaxies in velocity-dispersion bins obtaining a final set of 18 stacked spectra at very high signal-to-noise ratio (S/N ∼ 400Å −1 ). They compared spectral line strengths sensitive to age, metallicity, and IMF slope of these galaxies with the population synthesis models of Vazdekis et al. (2012) . Using TiO1, TiO2 and NaI (λ8190Å), they found x = 4.87 (log σ200) + 2.33. Qualitatively the general trends are similar, but their analytical fit has a much steeper slope and therefore predicts a larger variation of the IMF slopes with galaxy mass. For galaxies with σ 300 km s −1 , they inferred an IMF slope of x ∼ 3.2; this result violates the upper limit set by strong gravitational lensing by a very massive . CvD12 models with 13.5 Gyr age and solar abundances. In each panel, the green line shows the standard-temperature model while the black lines are models in which ∆T eff has been increased or decreased by 50 K. We plot models with ∆T eff = 50 K, −50 K, −100 K and −150 K. Red lines represent therefore ∆T eff,RGB variations, while different symbols on the same black line indicate different IMF slopes for a model with a given temperature. Points with error bars are stacked spectra of SDSS galaxies, in 5 velocity-dispersion (σ * ) bins whose average is shown in km s −1 . Panels a,b,c,d): The combination of these indicators allow the degeneracy between RGB temperature and IMF to be broken. A mild variation of ∆T eff,RGB with galaxy mass can be detected, but a clear trend of increasing IMF with galaxy mass is present in all three panels. Panel e): CaH1-aTiO does not allow simultaneous constraints on the IMF slope and ∆T eff,RGB . Panel f): NaD strengths in the stacked galaxies show a strong variation with galaxy mass. This variation cannot be entirely explained via non-universality of the IMF (Spiniello et al.2012) . The data seems to suggest that NaD is highly dependent on the temperature of the RGB.
lens ETG, which ruled out IMFs with slopes steeper than x = 3.0 (Spiniello et al. 2012) . Moreover, Ferreras et al. only used three indicators to constrain the stellar population parameters, two of them coming from TiO lines that are sensitive to α-enrichment, as shown in our analysis. Disentangling IMF variations from age, metallicity and [α/Fe] variations and breaking the degeneracies is very difficult if only a few IMF-sensitive features are used. We therefore believe that our result is more robust, because it is based on the combination of more IMF sensitive index, and it infers IMF slopes that do not violate lensing constraints on the total masses of massive ETG lenses.
DISCUSSION AND CONCLUSIONS
In this paper, we have defined a new set of indices which are strong in cool giants and dwarfs and almost absent in main sequence stars, in a spectral region where single-stellar population (SSP) models have been most extensively studied. These features arise from TiO and CaH molecular absorption bands in the wavelength range ∼ 4700-7000Å. We have calculated the strengths of these indices for stars in the MILES empirical library. In particular we have shown that all the TiO indicators are strong in cool giants and dwarfs and almost absent in warm main-sequence stars, allowing the study of their variation with temperature, gravity and [Fe/H]. Our most promising feature is CaH1 (λ6380Å) which is highly influenced by gas pressure in stellar atmospheres and comes only from M dwarf. This index allows us, in combination with other indicators, to infer the number of the low-mass stars in integrated spectra of stellar populations and thus to constrain the low-mass end of the IMF slope. We have used the Conroy & van Dokkum ( 150 ± 20 10 ± 2 −0.11 ± 0.04 1.85 ± 0.2 − 50 ± 30 190 ± 20 11 ± 2 +0.05 ± 0.02 2.08 ± 0.2 − 98 ± 36 230 ± 20 13 ± 2 +0.11 ± 0.02 2.33 ± 0.4 −115 ± 29 280 ± 20 12 ± 2 +0.16 ± 0.04 2.40 ± 0.3 − 80 ± 30 310 ± 20 13 ± 3 +0.14 ± 0.02 2.62 ± 0.4 −131 ± 40 populations. We have measured SSP index strengths for our new set of IMF indicators, and we have compared these to strengths of stacked spectra of SDSS DR8 ETGs in five different velocity dispersion bins, between 150 and 310 km s −1 . Finally we also investigate in detail the response of a change in the effective temperature of the red giant branch in the isochrones versus the response in variation of the IMF slope for the wavelength range where these responses are shown to be degenerate.
In this work, we focused only on line-index measurement and we restrict the analysis to solar metallicity and abundances. Elemental abundance is a fundamental parameter that has to be fully and quantitatively explored in order to further isolate and test the suggested variation of IMF normalization with galaxy mass. A full spectral fitting approach can help to further investigate possible IMF variations with galaxy masses and to trace the complete star formation history of a galaxy ).
Our main conclusions are the following.
• CvD12 SSP models predict a minimal variation of the aTiO and CaH1 EWs with age (at least for old ages) and a minimal dependence of [α/Fe] for TiO2.
• The predicted variation of IMF slopes is orthogonal to the [α/Fe] enrichment for all the presented IMF-sensitive index-index plots.
• A variation of the IMF with galaxy velocity dispersion, consistent with previous works (Treu et al. 2010; Spiniello et al. 2011 Spiniello et al. , 2012 Cappellari et al. 2012) , is visible in all the index-index plots for the SDSS stacked spectra of galaxies in different σ bins from 150 to 310 km s −1 . Via linear regression fit, we find: x = (2.26 ± 0.08) log σ200 + (2.13 ± 0.15), in disagreement with Ferreras et al. (2013) , who found a significantly steeper relation. Our fit predicts an IMF slope that is not steeper than 3.0 for the most massive σ-bin. This is in agreement with the upper limit sets by gravitational lensing studies on very massive lens ETGs (Spiniello et al. 2012) • Our set of IMF-sensitive indicators is able to break the IMF-T eff,RGB degeneracy. The index strengths of SDSS galaxies match better those of models with a population of RGB slightly cooler than the default isochrones. However this cannot explain the trend with galaxy mass that goes in the direction of a non-universal IMF slope.
In conclusion, the newly defined optical IMF indicators: bTiO, aTiO, TiO1, TiO2, CaH1, CaH2, represent extremely useful probes for decoupling the IMF from stellar population, age, metallicity, and the effective temperature of the RGBs when used in combination with age and metallicity indicators. These features are in a region of the spectrum less affected by sky lines or atmospheric absorption lines that the NIR features previously used. This region is also easier to observe as it lies in the wavelength region of the majority of the optical spectrographs, including integral-field instruments, that could be used to spatially resolve the low-mass stellar population of galaxies (Spiniello et al., in prep.) .
